In our previous paper we showed that the currently determined orbital parameters placed four recently announced planetary systems HD 12661, HD 38529, HD 37124, and HD 160691 in very different situations from the point of view of dynamical stability. In the present paper, starting from the last-mentioned system whose orbital parameters of the outer planet are yet uncertain, we make into evidence a stabilizing mechanism that could be the key to its existence. The paper is devoted to the study of this mechanism by a global dynamics analysis in the 3-D orbital parameter space related to the HD 160691 system. We show that the orbital parameters may allow the existence of a rather wide (∼ 0.1 AU) stability zone in the [a b , a c ] parameter space. This stability zone is only possible as the result of a 2:1 mean motion resonance coupled with adequate relative positions of the planets on their orbits avoiding close approaches in the closeness of their periastron (cf. the orbital topology of the system). The mechanism itself is preserved by librations of the mean motion resonance variables while the longitudes of periapse on average precess at the same rate. In this original orbital topology where the resonance variables θ 1 and θ 3 librate about 180
Introduction
In our previous paper (Kiseleva-Eggleton et al. 2002) we applied the new technique developed by Cincotta & Simó (2000) and called MEGNO (the acronym of Mean Exponential Growth factor of Nearby Orbits) in a wide neighbourhood of orbital parameters determined using standard two-body Keplerian fits for the recently discovered multi-planetary systems HD 12661, HD 38529, HD 37124, and HD 160691 in order to distinguish between regular and chaotic planetary orbits. We showed that the currently announced orbital parameters place these systems in very different situations from the point of view of dynamical stability. While HD 38529 and HD 37124 are located within large stability zones in the phase space around their determined orbits, the orbital parameters of the HD 12661 planets are located in a border region between stable and unstable dynamical regimes, so while its currently determined orbital parameters produce stable regular orbits, a minor change within the margin of error of just one parameter may result in a chaotic dynamical system. The orbits in HD 160691 (Jones et al. 2002) at first appeared highly unstable, but using MEGNO we were able to identify a few stability zones in a parameter space which included the parameters not determined from observations, such as the relative inclination i r between the two planetary orbits and the longitudes of the ascending nodes Ω. All these stable configurations are associated with the 2:1 mean motion resonance. The present paper is wholly devoted to a detailed and complete dynamical analysis of the HD 160691 planetary system by taking into account the angular orbital parameters not constrained by observational data (i r , Ω), as well as sin i and the resulting different planetary masses. We have also explored the space of the mean anomalies M of the two planets taking initially into account the time of periastron passage τ per given by Jones et al. 2002 (see Table 1 ).
In one of our earlier papers (Goździewski et al. 2002) we have clearly identified (using MEGNO) the exact location of the 2:1 mean motion resonance and its width for the Gliese 876 planetary system. A recent study by Hadjidemetriou (2002) of periodic orbits in this resonance predicts stable and unstable configurations of planetary systems depending on the hierarchy of planetary masses and eccentricities. The Gliese 876 system where m b < m c and e b > e c is, according to this study, a stable configuration. In contrast, the hierarchies of the HD 160691 system are inverse, i.e. m b > m c and e b < e c . Hadjidemetriou (2002) claims that a planetary system at the 2:1 resonance where the inner planet is much more massive than the outer planet is unstable for all values of the eccentricities. However, in the HD 160691 system the two planetary masses are comparable and this leaves the question about its stability open.
In this work we have explored the parameter space available for planets in HD 160691 in order to determine the stability conditions for this system. We have to notice that the orbital parameters of both planets are rather speculative due to the insufficient amount of observations, and even the existence of the second planetary companion is not yet fully confirmed (Jones et al. 2002 , Butler et al. 2001 . Nevertheless, the mechanism we present in this paper is probably the key to the existence of the HD 160691 planetary system. We have clearly identified the exact location of the 2:1 mean motion resonance, its width, and the secular resonance in apsidal longitudes preserving the stability related to the mean motion resonance.
Method
A classical method that allows us to distinguish between regular and chaotic dynamical states is the method of Lyapunov Characteristic Numbers (LCN). The estimation of LCN usually requires computations over long evolutionary times, sometimes much longer than the lifetime of the system studied. Let us note that chaotic in the Poincaré sense means that the dynamical behavior is not quasi-periodic, and does not necessarily mean that the system will disintegrate during any limited period of time.
In the present work, we use two different methods in order to identify the dynamical state of the HD 160691 system: the MEGNO and FLI (the acronym of Fast Lyapunov Indicator) techniques. These two methods converge faster and are more sensitive than the LCN technique.
FLI is the method introduced by Froeschlé et al. (1997) , permitting us to distinguish qualitatively between regular and chaotic motion in a dynamical system (see for example Pilat-Lohinger & Dvorak 2002) . MEGNO is a new method developed by Cincotta & Simó (2000) that we have already successfully applied to the study of dynamical stability of extrasolar planetary systems (see e.g. Goździewski et al. 2001 , 2002 , Kiseleva-Eggleton et al. 2002 . This method provides relevant information about the global dynamics and the fine structure of the phase space, and it yields simultaneously a good estimate of the LCN with a com- Table 1 Orbital parameters of the HD 160691 planetary system (Data from Jones et al. 2002 ,
HD 160691b 1.7 ± 0.2 1.5 ± 0.1 638 ± 10 0.31 ± 0.08 320 ± 30 50698 ± 30 HD 160691c
1.0 2.3 1 1300 0.8 99 51613
1 In our numerical models we changed the value of a c from 2.3 AU to 2.381 AU (well within the error of its determination). The latter value gives the exact location of the 2:1 resonance (by Kepler equation resolution) and is located in the middle of the stability valley on the [a b , a c ] parameter space (see Fig. 1a ).
paratively small computational effort. Figure 1 and 2 show the dynamical state of the HD 160691 system as a function of both orbital semi-major axes a b and a c ( Fig. 1 ) and eccentricities e b and e c (Fig. 2) . All other orbital parameters were taken from Table 1 One can see that the system is globally highly unstable (especially in Fig. 1b) , except for clearly marked stability regions. In Fig. 1 there is a rather wide stability strip (∼ 0.1 AU in both semi-major axes) associated with the 2:1 mean motion resonance. This stability zone is one order of magnitude larger than the one obtained for the Gliese 876 planetary system (see Goździewski, Bois, & Maciejewski, 2002) . However, for HD 160691 this stability valley may completely disappear for a small change in angular elements. The stability zone is indeed only permitted for a particular geometrical configuration of the orbits (by the combination of the elements Ω, ω, and i r ) combined with particular relative positions of the two planets on their orbits determined by the M elements. We will discuss these stability conditions in detail below. Figure 2 shows two stability regions in the [e b , e c ] parameter space: (i) a small one where both eccentricities are close to zero, and (ii) a much larger region for high values of e c ; the latter shows stable and unstable orbits mixed in close vicinities. This large region with a sizeable number of stable points decreases significantly when a c is taken to be 2.3 instead of 2.381 AU (see Fig. 3d in our previous paper Kiseleva-Eggleton et al. 2002) . In the present Figure 2 , the observational point in eccentricities represents a chaotic orbit but is very close to regular ones. This situation reminds us of the dynamical state of the HD 12661 planetary system (Kiseleva-Eggleton et al. 2002) . Let us note that in such 'chaotically-stable' zones the density and the distribution of regular and chaotic points depend on the resolution of the grid. Figure 3 shows how the dynamical state of the HD 160691 system depends on the relative inclination i r between the planetary orbits (knowing that, in the computations, for a variation of i b or i c , the inclination of the other orbit is taken equal to zero) and on the angular elements ω and Ω for both planets b and c. It is important to remark that the distributions of regular and chaotic orbits are structurally similar in the pairs The stability requires particular geometrical configuration of the orbits (defined by elements Ω, ω, and i r ), added to particular positions of the two planets on their orbits ruled by the M element. Following analogous properties analyzed by Lee & Peale (2002) for the GJ 876 planetary system, we have found in the HD 160691 system the simultaneous librations of the two mean motion resonance variables θ 1 = λ b − 2λ c +ω b and θ 2 = λ b − 2λ c +ω c (where λ = M +ω), while the secular resonance variable
Stability conditions
librates about 180
• with a period of about 2800 years and an amplitude of 80 degrees (see Fig.  6 ). This mechanism of secular resonance in periastron, combined with adequate relative positions of the planets on the initial osculating orbits, can be understood as the condition for preservation of dynamical stability related to the 2:1 mean motion resonance. Because the secular resonance variables θ 1 and θ 2 librate around 180
• and 0 • , respectively (see Fig. 6 ), the lines of apsides are anti-aligned. This situation is different from the GJ 876 configuration in which the apsidal lines are aligned with θ 1 , θ 2 , and θ 3 all librating about 0
• (Lee & Peale 2002 , Goździewski, Bois & Maciejewski 2002 . Let us note that in the familiar Io-Europa 2:1 resonance, the very small eccentricities lead to a geometry where θ 1 is librating about 0
• , while θ 2 and θ 3 are librating about 180
• (Lee & Peale 2002) . In this case, conjunctions occur when Io is near periapse and Europa near apoapse, whereas conjunctions of the GJ 876 companions occur when both planets are near periapse. The whole stability mechanism for the HD 160691 system allows it to avoid close approaches between planets, especially at their periapses (high outer eccentricity e c helps).
The original orbital topology of the HD 160691 planetary system in 2:1 mean motion resonance can be written as P c (ap)−S−P b (ap), which means that the planets b and c were initially located at their apoastron around the central star S.
4 Because of the high eccentricities of the orbits (Fig.  2) , and despite relatively small semi-major axes, the relative distances between the two planets may remain sufficiently large over the whole evolutionary time scale of the system.
We have also tested the robustness of this mechanism when the values of the planetary masses were progressively increased. In Figure 7 , computed by the FLI technique in the [a b , a c ] parameter space, the two masses are consecutively multiplied by a factor κ = 1 (a), 1.3 (b), 1.4 (c), 1.5 (d). The total destruction of the stable structure is reached for κ = 1.5, which corresponds to a line-of-sight inclination factor sin i = 2/3 (i.e. i = 41.8
• ), as we know only the lower limit of planetary masses m 0 from the function m 0 = m P sin i where m P is the real mass. This result is in agreement with a numerical analysis by KiselevaEggleton & Bois (2001) of multi-planetary system of υ And-type which showed that the dynamical regime and consequently the lifetime of the sys- tem depends strongly on the mass hierarchy as well as on the absolute values of planetary masses. In other words, assuming that the observed planetary system is dynamically stable, we could probably determine a window for the possible values of line-of-sight inclinations i, and as a consequence give upper limits on the planetary masses.
Conclusion
Using the MEGNO technique of global dynamics analysis we fully scanned the orbital parameter space for the HD 160691 planetary system. We have found the existence of a stability zone ruled by a mechanism which involves angular elements of the system. This stability zone is due to the 2:1 mean motion resonance coupled with adequate rel-ative positions of the planets on their orbits avoiding then close approaches at their periastron, the two apsidal lines being anti-aligned. The mechanism itself is preserved by librations of the mean motion resonance variables while the longitudes of periapse on average precess at the same rate.
We conclude that in order to be dynamically stable, the HD 160691 planetary system has to satisfy the following conditions: (1) a 2:1 mean motion resonance combined with (2) an apsidal secular resonance in (3) a configuration P c (ap) − S − P b (ap) and (4) high eccentricity for the outer orbit (the eccentricity of the inner planet e b is relatively unimportant when e c ≥ 0.7). These four conditions, taking also into account various relative inclinations between the two orbits, drive the dynamical behavior of the system in such a way that the planets are never too close to each other. In the end, the HD 160691 system where the resonance variables θ 1 and θ 3 librate about 180
• while θ 2 librates about 0
• has revealed resources of the 2:1 orbital resonances that have not been observed nor analyzed before.
Combining our MEGNO maps (confirmed with the FLI method) for different pairs of parameters, it is possible to converge towards stability conditions related to different combinations of the angular parameters. As the observational determination of the elements of the HD 160691 system is far from being finalized, we hope that the maps presented here will be useful for testing both future observations and different parameter fitting techniques. In this respect, let us mention the fitting method of Laughlin & Chambers (2001) suitable for resonant interactions between the planets and where the true masses can be determined by eliminating the sin i degeneracy inherent in fits that assume independent Keplerian motions. Let us note here that we have already tested some of the new fits for HD 160691 obtained by Eugenio Rivera (private communication), and found that the only stable systems with κ < 2 that do not meet our stability conditions would be ones with a very massive substellar distant companion (m c ∼ 50M J ) on a very large orbit (a c ∼ 30 AU). This type of system is very different from the systems with Jupiter-mass planets on close orbits that we have discussed in this paper.
